The cellular events that occur in the vessel wall consequent to changes in endothelial permeability result in the progression of vascular disease, particularly atherosclerosis. Female rhesus monkeys were fed an atherogenic diet or were made hypertensive for 6-8 months; and their vessels were then compared with vessels from control monkeys. Length-defined segments of coronary vessels, the thoracic aorta, and the abdominal aorta showed significant increases in total connective tissue in the atherosclerotic and hypertensive groups; pulmonary vessels did not. The diseased aortic segments had increased levels of two lysosomal enzymes, acid phosphatase and jS-iV-acetylglucosaminidase; pulmonary vessels were not diseased and did not show these changes. Coronary vessels from the atherosclerotic and hypertensive groups did not show an increase in enzyme levels on biochemical measurements, but focal accumulations of lysosomes were identified by cytochemical techniques. In atherosclerotic lesions, a doubling of cholesterol and more than a tenfold increase in cholesterol ester were found. These connective tissue and lysosomal changes are early features of primate vascular disease and may result from the accumulation of excessive substrate (cholesterol ester) in the lysosomes of vascular smooth muscle cells. • Although distribution patterns differ, many features of the mesenchymal responses of the blood vessel wall to hypertension and hyperlipemia are similar (1, 2). Smooth muscle cell proliferation, increases in connective tissue, mucopolysaccharide accumulation, and elevations of lysosomal hydrolase activity are all common to both conditions (1-4). Many investigators have stressed the primary role of endothelial damage in various sclerotic vascular diseases (5, 6), but little emphasis has been placed on the intracellular events in the vessel wall that result from this surface defect. The persistently increased permeability of atherosclerotic (7) and hypertensive (8) vessels to circulating materials and the incorporation of these materials into smooth muscle cell lysosomes may be the common mechanism stimulating the mesenchymal responses that characterize progression of vascular disease. 30, 1975. Circulation Research, Vol. 36, April 1975 The precise relationships between the proliferative, synthetic, lysosomal, and other intramural events in atherosclerotic and hypertensive vascular diseases are only beginning to be unraveled. It is particularly important to identify and differentiate those features that clearly are late events in a complicated lesion from those that occur relatively early in the disease progression. Vascular connective tissue accumulation, for example, can be detected soon after the onset of atherosclerosis in the dog (9) and hypertension in the rat (10). The intent of the present study was to clarify the role of connective tissue and lysosomal changes in the early development of atherosclerotic and hypertensive vascular diseases in the primate.
• Although distribution patterns differ, many features of the mesenchymal responses of the blood vessel wall to hypertension and hyperlipemia are similar (1, 2). Smooth muscle cell proliferation, increases in connective tissue, mucopolysaccharide accumulation, and elevations of lysosomal hydrolase activity are all common to both conditions (1-4). Many investigators have stressed the primary role of endothelial damage in various sclerotic vascular diseases (5, 6) , but little emphasis has been placed on the intracellular events in the vessel wall that result from this surface defect. The persistently increased permeability of atherosclerotic (7) and hypertensive (8) vessels to circulating materials and the incorporation of these materials into smooth muscle cell lysosomes may be the common mechanism stimulating the mesenchymal responses that characterize progression of vascular disease.
The precise relationships between the proliferative, synthetic, lysosomal, and other intramural events in atherosclerotic and hypertensive vascular diseases are only beginning to be unraveled. It is particularly important to identify and differentiate those features that clearly are late events in a complicated lesion from those that occur relatively early in the disease progression. Vascular connective tissue accumulation, for example, can be detected soon after the onset of atherosclerosis in the dog (9) and hypertension in the rat (10) . The intent of the present study was to clarify the role of connective tissue and lysosomal changes in the early development of atherosclerotic and hypertensive vascular diseases in the primate.
Methods
Thirty-three young adult female rhesus monkeys (Maccaca mulatto) averaging 4.7 kg at the start of the investigation were used. Control and hypertensive groups (each consisting of 11 monkeys) were fed standard Purina monkey chow ad libitum; about 16% of the calories was derived from fat, and the cholesterol content of the chow was 0.03% (unpublished observation). The atherosclerotic group (11 monkeys), was fed an atherogenic diet (11) that supplied 40% of the calories as fat, 40% as carbohydrates, and 20% as protein; crystalline cholesterol was added in a concentration of 0.37% to the diet of this group. Serum triglyceride (12) Renal hypertension was produced by a left renal compression procedure (14) followed in 1 month by a similar right renal compression procedure. Systolic and diastolic blood pressures were determined monthly using a Baumomanometer infant cuff and a clinical mercury sphygmomanometer. All of these procedures were performed while the monkeys were lightly tranquilized with phencyclidine hydrochloride (2.5 mg/kg, im) (Sernylan, 20 mg/ml).
After 6-8 months of hypertension or hyperlipemia, tranquilized monkeys were exsanguinated into vacuum bottles containing 30 mg of ethylenediaminetetraacetic acid (EDTA); approximately 200 ml of blood was obtained from each monkey for serum lipid studies. All subsequent procedures were carried out in a cold room at 8°C. Vessels used for connective tissue studies were prepared immediately; those destined for enzyme studies were frozen at -10°C until analyses were performed. In each group, five monkeys were used for vascular connective tissue studies, five for vascular enzyme studies, and one for ultrastructural studies.
In each monkey, defined lengths of the following four vessels were studied. (1) The coronary segment studied consisted of the left main coronary artery, the proximal 2 cm of the left anterior descending coronary artery, the proximal 2 cm of the left circumflex artery, and the proximal 2 cm of the right coronary artery; both of the main coronary arteries were detached flush with the aorta and pooled. (2) The pulmonary segment studied consisted of the proximal 1 cm of the main pulmonary trunk measured from the pulmonary valve. (3) The thoracic vessel, the measured upper half of the thoracic aorta delimited by the left subclavian and celiac arteries, was divided longitudinally into equal halves using the posterior intercostal artery orifices as landmarks; the half without the ductus scar was used. (4) The abdominal vessel consisted of the segment of the aorta delimited by the right renal artery and the iliac bifurcation. The coronary and pulmonary segments were cleaned of loose adventitia, but they could not be completely freed of dense adventitia. For the thoracic and abdominal aortic segments, intima-media fragments stripped free of adventitia (15) were used.
The lower halves of anatomically defined thoracic aortas from four monkeys in each group were distended to systolic pressure for use in morphological and micrometric studies as previously described (10) . Briefly, the segment was cannulated at both ends after all branches had been ligated and was then transferred to a special frame on which in vivo length was restored. The segment was distended to the previously measured blood pressure of that monkey with a perfusion mixture containing 5% gelatin, 5% India ink, and 50% barium sulfate at 40°C. After immersion of the entire apparatus in cold Formalin at 10°C, the perfusion mixture gelled quickly so that the segment could be removed from the pressure system without loss of distention. Cross sections of the fixed distended segments were taken from the midpoint and prepared for light microscopy. Histological sections An thick and stained with hematoxylin and eosin and Weigert-van Gieson stains were used for measurements. Micrometric methods included the calculation of crosssectional area of the media using wall thickness and diameter and the calculation of tangential tension and wall stress using the Law of Laplace and medial thickness. Systolic blood pressures and internal radii were used in these calculations. Corrections for tissue shrinkage were made as previously reported (10) . Similar portions of the aorta from another five monkeys in each group were used for determinations of aortic lipids (to be explained subsequently). Heart weights measured after removal of the coronary arteries were used to calculate heart weight-body weight ratios. Estimation of gross atherosclerotic involvement was made visually on opened segments using the index of 0 = no visible involvement, 1+ = up to 25% of the surface involved, 2+ = up to 50% of the surface involved, 3+ = up to 75% of the surface involved, and 4+ = more than 75% of the surface involved. Since hypertension invariably appeared to result in a similar degree of diffuse change in all of the segments studied except the pulmonary vessel, which was always spared, no gross index was used.
Connective Tissue.-Minced segments of intimamedia fragments were delipidated in an ethanol-ether solution for 8 hours and dehydrated to a constant dry weight over 72 hours at 60°C. Determinations of total elastin and collagen in these segments were carried out exactly as described for rat vessels (10) . In brief, after hydrolysis of aortic tissue in 0.1 N NaOH for 50 minutes at 95°C, soluble and insoluble (residue) fractions were obtained and separated. These fractions were then hydrolyzed in 6N HC1 for 48 hours at 105-110°C. Samples of these fractions from each aorta were analyzed on an amino acid analyzer. Total collagen was calculated from hydroxyproline determinations on the soluble fractions. The residue fraction consisted only of elastin. The accuracy of the colorimetric method used for hydroxyproline determinations was checked against a chromatographic amino acid analysis as were the quantitative determinations carried out on the residue (elastin) fractions; the close correspondence found previously for rat vascular connective tissue analyses (10) was confirmed in the primate.
Lysosomal Enzymes.-Total activities of acid phosphatase and /S-Af-acetylglucosaminidase (NAGA) in each segment were determined in homogenized samples. The methods used were identical to those previously reported for the rat aorta (4). In summary, centrifugation at 4°C at 1,000 g for 10 minutes was followed by separation of the supernatant fluid for enzyme analyses; the pellet was used for deoxyribonucleic acid (DNA) determinations (to be discussed subsequently). Acid phosphatase activity was assayed using j3-glycerophosphate (Sigma) as the substrate, and total NAGA activity was assayed using the appropriate p-nitrophenyl substrate (Sigma). Enzyme activities were based on ^moles of nitrophenol released by NAGA and ^imoles of inorganic phosphorus released by acid phosphatase.
DNA.-Total DNA per segment was determined from analyses of the pellet remaining after centrifugation of the sample used for the enzyme studies. Details are given elsewhere (4).
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Lipids.-Total lipid contents of five lower thoracic aortic segments from each group were determined. These segments were analyzed simply to confirm the presence of lipids in a pattern typical of atherosclerosis. Methods used for isolation of free cholesterol and cholesterol ester are described in detail elsewhere (16) . Briefly, intima-media was homogenized in 20-50 volumes of a 2:1 (v/v) chloroform-methanol solution in an all-glass homogenizer immersed in an ice bath. Lipid extracts were prepared from plasma by adding 20 volumes of the chloroform-methanol solution to 1 volume of plasma, and cholesterol and triglyceride contents were determined. Free and esterified cholesterol were separated by thin-layer chromatography on silica gel plates 0.25 mm thick and 20 cm long. Rhodamine 6G was incorporated into the silica gel layers during their preparation. Zones corresponding to cholesterol and cholesterol esters were located with the aid of standards by examining the plates under ultraviolet light; these zones were then eluted. Absolute amounts of cholesterol esters were determined by adding a measured amount of trimargarin to each sample as an internal standard before methylation. Methyl esters were fractionated by gas-liquid chromatography.
Statistical analyses were carried out using non-paired Student's t-tests; a P value of 0.05 or less was considered significant. Only comparisons of the atherosclerotic group or the hypertensive group with the control group were made; quantitative comparison of the treated groups to each other was not felt to have a valid basis.
Results
Although the normal and the atherosclerotic monkeys showed a slight weight gain during the experimental period, the hypertensive monkeys did not (Table 1) . A similar retardant effect of hypertension has been seen previously in the rat (10) . The hypertensive group tended to have a larger average heart weight than did the other monkeys (0.2 > P > 0.1), and their heart weight-body weight ratio was clearly increased (Table 1) . This increase corresponded to the significantly increased systolic and diastolic blood pressures in this group (Table 1) . Serum cholesterol levels were significantly increased and serum triglyceride levels were significantly decreased in the atherosclerotic group compared with the control group; the lipoprotein pattern showed a predominant increase in the 1.006-1.063 fraction (low-density lipoproteins). Interestingly, the hypertensive group also tended to have elevated cholesterol (0.2 > P > 0.1) and lower triglyceride (0.1 > P > 0.05) levels compared with controls (Table 1) .
Micrometric studies of distended thoracic aortic segments and stress calculations are summarized in Table 2 . The hypertensive group differed significantly from the control group in aortic diameter, wall thickness, wall stress, tension per lamellar unit, and medial area, reflecting medial changes similar to those reported previously for the hypertensive rat aorta (10) . Atherosclerosis, primarily an intimal disease in the early stages, did not result in significant changes in any of these parameters. Representative cross sections of thoracic aortic walls from the three groups are shown in Figure 1 . Control vessels had slight if any intimal development; atherosclerotic vessels had diffuse intimal thickening with important connective tissue and lipid components, and hypertensive vessels had a slightly thickened intima but a considerably thickened media compared with controls.
The pattern of gross involvement of the vessels studied was quite uniform from monkey to monkey. No control monkey had grossly visible lesions. Vessels from atherosclerotic monkeys with one exception were uniformly graded as follows: coronary segment 1+, pulmonary segment 0, thoracic aorta 4 + , and abdominal aorta 3+. The exceptional monkey showed one grade less involvement for each segment. Lesions were typically yellow-white, raised, and more extensive in the posterior thoracic aorta; intimal involvement was very localized and focal in the coronary arteries 
Characteristics of the Three Groups Studied
Body wt (kg) Heart wt (g) Heart wt-body wt ratio (%) Systolic blood pressure (mm Hg) Diastolic blood pressure (mm Hg) Serum cholesterol (mg/100 ml) Serum triglyceride (mg/100 ml) All values are means ± SE. *P <0.01. fP < 0.001. compared with more diffuse involvement of aortic surfaces. Emphasis on morphology is deliberately restrained in view of the general correspondence of the findings in the present investigation with those of the detailed studies of disease distribution and extent reported previously for the rhesus monkey (17, 18) . The duplication in the present study of the exact diet used in a previous morphological study by Tucker et al. (11) resulted in a very similar pattern and histology of lesions, although the severity was greater in the present study because of the longer duration of feeding. Pulmonary vessels were intended to serve as internal controls of noninvolvement in each group.
In the hypertensive group, all of the vessels studied, except the pulmonary vessel, showed a similar degree of diffusely increased opaqueness of the wall; intimal surface involvement was not noteworthy. The walls of all such vessels seemed to hold their undistended shape better and to be stiffer than vessels from normotensive monkeys.
Connective Tissue.-Fat-free dry weights of segments are shown in Table 3 . All of the vessels from the atherosclerotic and hypertensive groups, except the pulmonary vessel, were significantly heavier than the corresponding control vessel. It should be stressed that these vessels are "length-defined" segments; therefore, the increased heart size of the 0.5 mm HYPERTENSIVE CONTROL ATHEROSCLEROTIC FIGURE 1 
Representative cross sections of distended lower thoracic aorta segments from each of the groups. The solid line indicates the aduentitial-medial junction in each vessel; the open arrows point to the intimal-medial junctions {internal elastic lamina
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hypertensive group, which might be expected to increase coronary artery length, is not reflected in these determinations. Note that the difference in segment dry weight from the control level generally tended to parallel the degree of gross involvement of the segment (Table 3) . To stress the added value and the importance of using length-defined vessels and total component weights, elastin and collagen contents will be reported as percents first (Table 4) . Only in the thoracic segments of the atherosclerotic group was any significant change from the control value seen; all other comparisons showed no apparent difference.
However, when total dry weights of elastin and collagen were computed, the differences noted in total vessel dry weights (Table 3 ) became manifest (Table 5 ). In coronary segments, although elastin weights tended to be greater in atherosclerotic and hypertensive groups, only collagen weights were significantly increased over control levels. Pulmonary vessels showed no differences. In the thoracic and abdominal vessels, the connective tissue of the diseased groups significantly differed from that of 
Percents of Elastin and Collagen in Vessel Segments
the control group; in each instance, the net increment in collagen tended to exceed that in elastin.
In the hypertensive rat, the net increments in the two proteins are nearly always equal in the aorta (10) . Lysosomal Enzymes.-Total activities of two lysosomal enzymes in each segment are shown in Table 6 . Although both enzymes seemed to increase in atherosclerotic and hypertensive coronary segments, only the changes in the latter were significantly different from control due to the large variations (SE) seen in values for the atherosclerotic vessels. Pulmonary vessels generally did not differ in their enzyme activities; the single exception, decreased NAGA in pulmonary segments from hypertensive monkeys, is unexplained. In thoracic and abdominal segments, both disease groups had significantly higher total enzyme activities than did controls. The tendency for NAGA to be increased more than acid phosphatase over control values has also been found previously in hypertensive rat vessels (4).
DNA.-The large variations in DNA among vessels in a given group have served to obscure possible differences in enzyme levels calculated on the basis of DNA content; however, the trends are clearly discernible (Table 7) . Coronary and abdominal aortic segments of both disease groups and thoracic aortic segments of atherosclerotic monkeys tended to have an increased DNA content, although none of the differences were significant.
Compared with controls, coronary, thoracic, and abdominal segments of both disease groups tended to have greater activities of enzyme calculated on a DNA basis. In most instances, these differences were statistically significant; when they were not, e.g., abdominal segments of atherosclerotic monkeys, large standard errors were responsible. In that group, 0.1 > P > 0.05 for acid phosphatase and 0.2 > P > 0.1 for NAGA compared with controls. Only in the hypertensive coronary segments did it appear that the increased number of cells completely accounted for the increased total enzyme activities noted in Table 6 . That this phenomenon was not the case for focally involved atherosclerotic vessels was demonstrated by histochemical studies, in addition to the data in Table  7 . Control coronary vessels showed the usual medial scattering of smooth muscle cell lysosomes defined by the reaction product of acid phosphatase activity (Fig. 2A, arrow) . Atherosclerotic coronary lesions, however, showed a dense accumulation of reaction product at their base far greater than that seen in the cellular media (Fig. 2B,  arrow) . This difference cannot be attributed solely to increased cell number, for the amount of product per cell is markedly increased in these areas.
Lipids.-We have previously shown a close correspondence between localization of lipid deposits and increases in lysosomal acid phosphatase activity in the primate (19) . Cholesterol and cholesterol ester were significantly increased in the lower thoracic aortic segments of atherosclerotic monkeys compared with controls; particularly striking was the increase in ester over control values, a finding frequently reported previously as a typical characteristic of the atherosclerotic lesion. Hypertensive vessels showed a significant increase in free cholesterol only.
Discussion
The present study of primate hypertension confirms our previously described morphological, biochemical, and histochemical findings for the hypertensive rat aorta (4, 10) . An earlier study of chronic hypertension in the monkey stressed the degree of intimal development and the lack of medial changes; however, interpretation of those results is complicated in part by the lack of micrometric documentation and by the presence of numerous variables other than blood pressure including sex, diet, and hormone treatment (20) . Atherosclerotic involvement of primate vessels is associated with connective tissue and lysosomal changes that are similar to those seen in hypertension. Our studies emphasize the occurrence of these changes early in lesion development. The inability of others (21) to detect lysosomal changes in the early atherosclerotic lesion of the pig is probably due to the sensitivity of the sampling procedure; significant elevation of intimal activity can be dwarfed by the presence of considerable unchanged medial and adventitial tissue. In our study, we utilized intima-media fragments free of all adventitia. Even where biochemical results were equivocal, histochemical stains clearly showed marked increases in the reaction product associated with intimal atherosclerotic lesions.
It has now become essential to clarify the possible relationships of vascular lysosomal activity, lipid accumulation, and connective tissue synthesis in the atherosclerotic lesion. Shio and her associates (22) have convincingly shown that intralysosomal accumulation of lipid, predominantly cholesterol ester, in smooth muscle cells is an important feature of the advanced rabbit atheromatous lesion. We have recently demonstrated the accumulation of lipid in lysosomes in the early primate lesion (19) and in the present study have shown marked increases in the cholesterol ester fraction. Although most lysosomal hydrolases are greatly elevated in smooth muscle cells of affected rabbit vessels, cholesterol esterase is not; in fact it is most deficient in the lysosomal fraction richest in lipid (23) . Further evidence for the role of cholesterol esterase in atherosclerosis comes from an autopsy report of florid atherosclerosis in a 21-year-old female with congenital cholesterol esterase deficiency (24) . In human storage diseases characterized by deficiency of one lysosomal hydrolase, other hydrolases are usually elevated (25).
